Introduction {#Sec1}
============

Natural and man-made hazards such as blast^[@CR1],[@CR2]^ and impact^[@CR3],[@CR4]^ have claimed millions of lives and caused significant damage to structures. Engineered cellular structures are at the forefront of innovative research for extreme loading applications (e.g., protective structures and crashworthiness), due to their lightweight and superior energy absorption capabilities^[@CR5],[@CR6]^. There is significant potential to advance these structures into a new generation of futuristic protective systems by mimicking cellular architectures found in nature^[@CR7]--[@CR9]^. In particular, bone has optimised its intricate structure through complex evolutionary processes to minimise weight, enhance mobility and meet the cyclic loading demands of the human body^[@CR9]--[@CR12]^. It has long been speculated by researchers that the key to the excellent mechanical properties of bone is hidden in the structural features of its well-organised cellular core, which is composed of organised networks of interconnected trabeculae^[@CR13],[@CR14]^. Although trabecular bone is not primarily designed to absorb energy, it has been shown to possess unique structural characteristics that facilitate excellent energy absorption^[@CR15]--[@CR17]^. Despite that other biological cellular structures such as beetle elytra^[@CR7]^ and porcupine quills^[@CR15],[@CR18],[@CR19]^ have been reported to exhibit lightweight, buckling resilience and energy absorption characteristics through mechanical testing, investigations on biomimetic cellular structures for energy absorption applications are generally quite limited. Ghazlan et al.^[@CR20]^ investigated a cellular structure inspired by trabecular bone under compression and demonstrated its high energy absorption over hexagonal and re-entrant structures. Zhang et al.^[@CR7]^ fabricated a sandwich plate inspired by beetle elytra and demonstrated marked improvements in energy absorption over a traditional honeycomb structure under compression. Du et al.^[@CR21]^ also fabricated a lattice structure inspired by beetle elytra and reported a high energy absorption and bearing force under compression. Conversely, studies on biomimetic armour systems inspired by marine composites such as nacre from mollusc shells^[@CR4],[@CR22]--[@CR26]^, conch^[@CR20],[@CR27]^ and fish scale^[@CR28],[@CR29]^ are more dominant for protective applications due to their excellent damage tolerance.

Engineered cellular structures have been investigated thoroughly in the literature for numerous applications, including blast^[@CR3],[@CR6],[@CR30]^, impact^[@CR3],[@CR31]--[@CR33]^ and crash-worthiness^[@CR5],[@CR34]--[@CR36]^. Examples include auxetic topologies with innovative geometries such as traditional re-entrant^[@CR3],[@CR6],[@CR31],[@CR37]^, re-entrant with sinusoidal ribs^[@CR38]^, star-shaped honeycombs^[@CR33]^, double arrowhead^[@CR32]^, spiral^[@CR5],[@CR36]^, hexagonal^[@CR5],[@CR35],[@CR36]^, and hybrids of re-entrant and rhombic honeycombs^[@CR39]^. Although these types of structures have been shown to possess energy absorption characteristics, bio-inspired structures offer more complexity and design freedom, which can lead to futuristic protective technologies. Based on evidence from our previous study, where compression tests were conducted on several 3D printed designs of cellular structures^[@CR16]^, bone-like scaffolds were shown to possess superior mechanical characteristics over their traditional honeycomb and re-entrant counterparts, which have been studied extensively in the literature^[@CR31],[@CR35],[@CR37]^. Compared to the hexagonal structure, the bone-like structure showed a significant increase in energy absorption^[@CR16]^. This prominent performance enhancement was facilitated by progressive buckling and collapse mechanisms, which were activated by the hybrid bone-like cells.

In this work, an analytical model is developed to predict the Young's modulus, Euler buckling load and strain energy density of the 3D printed bone-like cellular structure. Exhaustive analytical simulations are then conducted in parallel to evolve the most effective cellular structure, whereby the energy absorption is used as the key performance criterion. The novel aspects of this study are highlighted by the development of a framework that can analytically capture the mechanical properties of hybrid bioinspired unit cell structures based on the intricate structural features of bone. Given that the design parameters can capture billions of unique unit cell topologies, including those with traditional honeycomb geometries such as hexagonal and re-entrant auxetics, the optimal unit cell can be extracted by covering all possibilities in a large space of design parameters.

Analytical modelling and experimental methods {#Sec2}
=============================================

Biomimicry to engineered cellular structure {#Sec3}
-------------------------------------------

Trabecular bone may possess a closed-cell plate-like structure, an open-cell strut-like structure or a hybrid of the two. Plate-like structures (Fig. [1](#Fig1){ref-type="fig"}a,b) can be found in denser bones that can support high loading demands, such as the human femur. Hybrid plate-like and strut-like structures typically exist at the interface between the compact (cortical) shell and the cellular (trabecular) core of bone. Trabecular bone typically has a relative density less than 70%^[@CR17]^. More specifically, the relative density of open cell rod-like and closed cell plate-like trabecular structures is typically less than 0.13 and greater than 0.2, respectively. At intermediate relative densities, trabecular bone is a hybrid of rod- and plate-like elements^[@CR17]^. Concave (CCV) and convex (CVX) cell geometries can be observed in the hybrid (HYB) plate-like cellular structure of trabecular bone (Fig. [1](#Fig1){ref-type="fig"}b). Mimicking these novel characteristics of trabecular bone can lead to the development of engineered cellular structures with superior energy absorption capabilities, by controlling their buckling and collapse mechanisms.Figure 1(**a**) Trabecular bone^[@CR16]^; (**b**) Closed cell plate-likestructure of trabecular bone, which is composed of concave (CCV), convex (CVX) and hybrid (HYB), both concave and convex cells^[@CR16]^; (**c**) Voronoi diagram for mimicking trabecular bone; (**d**) Unit cell extracted from the Voronoi diagram; (**e**) Bone-like structure generated from the unit cell; (**f**) 3D printed bone-like scaffold; (**g**) Force--displacement curve of a 3D printed bone-like structure; h) Parallel execution of structural analysis equations to obtain the optimal bone-like cellular structure; (**i**) Optimised bone-like unit cell.

An overall snapshot of the analytical and experimental framework developed in this work is shown in Fig. [1](#Fig1){ref-type="fig"}, from the biomimetic conceptual level to the most optimal engineered cellular structure. The bone-like cellular structure (Fig. [1](#Fig1){ref-type="fig"}b) is mimicked using a periodic Voronoi diagram, which is an organised set of points (sites) that control the shape of its polygons (Fig. [1](#Fig1){ref-type="fig"}c)^[@CR40]^. A unit cell (Fig. [1](#Fig1){ref-type="fig"}d) is extracted from the Voronoi diagram and manipulated to yield a bone-like CAD model with defined design parameters (Fig. [1](#Fig1){ref-type="fig"}e). The 3D printed bioinspired prototype (Fig. [1](#Fig1){ref-type="fig"}f) is generated from this CAD model and tested under compression. The analytical model is developed to predict the collapse load and Young's modulus of the bone-like structure, and validated using the experimental force--displacement curve (Fig. [1](#Fig1){ref-type="fig"}g,h). Extensive simulations are executed in parallel to exhaustively manipulate the design parameters and identify the best bone-like unit cell that exhibits the highest energy absorption capacity (Fig. [1](#Fig1){ref-type="fig"}h,i).

Design of bone-like unit cell {#Sec4}
-----------------------------

Conventional cellular structures, including re-entrant and honeycomb, are typically built from a single periodic unit cell^[@CR30],[@CR41]^, which limits its design parameters. In contrast, the bioinspired unit cell (Fig. [2](#Fig2){ref-type="fig"}) is constructed with an upper and lower sub-cell, which provides more freedom in design. Comprehensive details on generating the 3D printed bioinspired unit cell using Voronoi diagrams and its demonstrated advantages over traditional hexagonal and re-entrant structures are provided in^[@CR15]^. The design parameters of the bio-inspired unit cell are summarised as follows: H and W are the height and width of the unit cell, respectively; $\documentclass[12pt]{minimal}
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The lengths and angles of each element of the unit cell are tabulated below, noting that only half the cell will be analysed due to symmetry. The angles are determined with respect to the global horizontal axis.
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Analytical model development {#Sec5}
----------------------------

The deformation of a cellular structure can be predicted by applying the direct stiffness method of structural analysis to the bio-inspired unit cell design shown in Fig. [2](#Fig2){ref-type="fig"}^[@CR42]^. The forces and moments in each element are related to the displacements and rotations in the global coordinate system as follows:$$\documentclass[12pt]{minimal}
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                \begin{document}$$v_{Gf}$$\end{document}$ is the global vertical displacement at node F.Figure 3Compressive force--displacement curves for the 3D printed bone-like cellular structure^[@CR16]^. The deformations in the linear-elastic, plastic and densification regions are also illustrated.

Buckling of the unit cell is dictated by the critical column, where each column is supported by elastic restraints. The critical buckling load of an elastically supported column can be inferred by solving the Euler buckling ordinary differential equation of a pinned--pinned column and applying elastic boundary conditions to the pinned joints^[@CR43],[@CR44]^. This well-known equation and its solution are represented as follows:$$\documentclass[12pt]{minimal}
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The energy absorbed by the half unit cell can then be calculated from Eqs. ([3](#Equ3){ref-type=""}) and ([9](#Equ15){ref-type=""}) as follows, assuming elastic buckling:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$U = \frac{{\sigma_{CR}^{2} }}{2E}$$\end{document}$$ where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma_{CR}$$\end{document}$ is the critical buckling stress $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(P_{CR} {/}A)$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A$$\end{document}$ is the cross-sectional area of the column element. The mass of the unit cell can be calculated as follows:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m = \rho_{S} t_{w} t\mathop \sum \limits_{i} L_{i}$$\end{document}$$ where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rho_{S}$$\end{document}$ is the density of Markforged Nylon, namely $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1.1\,{\text{kg/m}}^{3}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t_{w}$$\end{document}$ is the thickness of the cell walls, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t$$\end{document}$ is the out-of-plane thickness of the unit cell and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$L_{i}$$\end{document}$ is the length of each element.

Results and discussion {#Sec6}
======================

Experimental validation {#Sec7}
-----------------------

The analytical model is validated using the results from our compressive tests on the bone-like cellular structure, which are presented in Fig. [3](#Fig3){ref-type="fig"}^[@CR16]^. The goal is to verify that buckling is the primary collapse mechanism of the structure as opposed to plastic deformation in the material. The following parameters are used for validating the analytical model, which are identical to the tested cellular structure (see Fig. [3](#Fig3){ref-type="fig"}): $\documentclass[12pt]{minimal}
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It can be inferred from Table [2](#Tab2){ref-type="table"} that the predicted Young's modulus of the half unit cell is in agreement with the experiment within 7%. The experimental critical buckling load is also within the range of the predicted results. Although column AB provided the closest buckling load (Table [3](#Tab3){ref-type="table"}) with the experiment, it is difficult to predict that this column will first buckle, as the condition of instability depends on imperfections that are inherent in the 3D printing process, as well as the load transfer through the structure. Regardless, the analytically predicted Young's modulus and critical buckling load are conservative for design purposes. Importantly, the predicted minimum critical buckling stress (in column BC) is well within the linear elastic region of the material curve of the Markforged Tough Nylon 3D printing material^[@CR16]^, which verifies that buckling is the primary collapse mechanism of the structure as opposed to plastic collapse. The effective lengths and $\documentclass[12pt]{minimal}
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Optimal design parameters {#Sec8}
-------------------------

A computer algorithm was developed to execute many parallel simulations to obtain the design parameters ($\documentclass[12pt]{minimal}
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Influence of individual design parameters {#Sec9}
-----------------------------------------

In this set of studies, the influence of each individual design parameter of the biomimetic unit cell (see Fig. [2](#Fig2){ref-type="fig"}) on its energy absorption, stiffness and Euler buckling stress is analysed. To this effect, the parameters of the baseline unit cell are modified individually from the reference baseline configuration ($\documentclass[12pt]{minimal}
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It can be observed in Fig. [5](#Fig5){ref-type="fig"} that both sub-cell angles $\documentclass[12pt]{minimal}
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                \begin{document}$$l_{lt}$$\end{document}$ can overcome this restriction to reduce the stiffness further and thereby obtain the unit cell with the optimal energy absorption (see Fig. [4](#Fig4){ref-type="fig"}).Figure 6Influence of the sub-cell angles (**a**) and tie lengths (**b**) on the energy absorption. The unit cell corresponding to the peak strain energy density is also illustrated.

Influence of combined design parameters {#Sec10}
---------------------------------------

In this set of studies, the combined effects of two design parameters of the biomimetic unit cell (see Fig. [2](#Fig2){ref-type="fig"}) on its energy absorption, stiffness and Euler buckling stress are analysed. The parameters of the baseline unit cell are modified from the reference configuration $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\beta$$\end{document}$ as a governing parameter. In contrast, Fig. [7](#Fig7){ref-type="fig"}b,d show that the unit cells with the highest stiffness have more oblique members such that flexural deformation becomes more prominent, which consequently reduces the stiffness of the structure.Figure 7Influence of combined design parameters on the stiffness of the biomimetic unit cell: (**a**) $\documentclass[12pt]{minimal}
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                \begin{document}$$l_{ut} , l_{lt}$$\end{document}$. The unit cell corresponding to the peak stiffness is also illustrated.
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{L}}_{{\text{t}}} {\text{/L}}$$\end{document}$. It is evident that the unit cell in Fig. [8](#Fig8){ref-type="fig"}a has the shortest tie (attached to longer columns CD and DE), which effectively yields a small $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{L}}_{{\text{t}}} {\text{/L}}$$\end{document}$ ratio and thereby attracts a higher buckling stress. Longer plateau regions can be observed in the plots of Fig. [8](#Fig8){ref-type="fig"}b,c because the unit cells that produce the highest buckling stress have a more uniform structure, whereby the relative lengths between the struts and ties are similar.Figure 8Influence of combined design parameters on the Euler buckling stress of the biomimetic unit cell: (**a**) $\documentclass[12pt]{minimal}
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The unit cell with the highest strain energy density ($\documentclass[12pt]{minimal}
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                \begin{document}$${\upgamma } = 32^\circ$$\end{document}$ (Fig. [9](#Fig9){ref-type="fig"}b). Recalling from Eq. ([10](#Equ16){ref-type=""}) and the discussion preceding Fig. [6](#Fig6){ref-type="fig"} that the peak strain energy density is obtained when the critical buckling stress is maximised and the stiffness is minimised, it is evident that the unit cell illustrated Fig. [9](#Fig9){ref-type="fig"}b is designed to balance axial and flexural deformation, whereby the oblique orientations of its columns reduce the stiffness. The unit cell also has relatively similar column and tie lengths, which thereby produces a relatively high critical buckling load ($\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma$$\end{document}$ is a governing parameter that has a significant influence on the strain energy density of the bone-like unit cell. The unit cells in Fig. [9](#Fig9){ref-type="fig"}a,d that produce the peak strain energy density have relatively short tie lengths compared to the struts, which has the effect of increasing the critical buckling stress. The oblique struts of these unit cells produce more prominent flexural deformations, which consequently reduces the Young's modulus and thereby increases the strain energy density according to Eq. ([10](#Equ16){ref-type=""}).Figure 9Influence of combined design parameters on the energy absorption of the biomimetic unit cell: (**a**) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha ,\beta$$\end{document}$; (**b**) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha ,\gamma$$\end{document}$; (**c**) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\beta ,\gamma$$\end{document}$; and (**d**) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$l_{ut} , l_{lt}$$\end{document}$. The unit cell corresponding to the peak strain energy density (SED) is also illustrated.

Conclusions {#Sec11}
===========

An analytical framework was developed to predict the critical buckling load, stiffness and energy absorption of a cellular structure based on trabecular bone. The framework was validated using experimental data obtained from compressive tests on a 3D printed bone-like cellular structure. The validated framework was used to run extensive simulations in parallel to obtain the most optimal unit cell configuration with high computational efficiency, using the energy absorption as the key performance criterion. It was observed that all design parameters, namely the sub-cell angles and tie lengths of the unit cell played a significant role in obtaining the highest energy absorption. Effectively, oblique sub-cell angles control the stiffness of the unit cell by balancing axial and flexural deformations. Specifically, unit cells with vertical column elements produced the highest stiffness whereas oblique unit cells exhibited a lower stiffness and higher energy absorption. The relative lengths of the columns and ties were found to control the buckling stress of the unit cell by modifying the joint stiffness of the column elements. It was observed that the optimal bioinspired structure showed re-entrant geometries in both sub-cells, which resulted in a low stiffness and high energy absorption. The optimal bioinspired structure was benchmarked against a re-entrant auxetic topology, which is extensively investigated in the literature, and showed an increase in energy absorption by a factor of four. The next step is to manufacture the optimal unit cells and assess their energy absorption capacity under static and dynamic loads. The analytical model will also be extended further to account for dynamic loading conditions. Machine learning techniques, including artificial neural networks and genetic algorithms, will also be employed in future work to reduce the number of simulations required under dynamic loading, which can be computationally expensive. The size effect of the unit cell can also be important under dynamic loading conditions and will also be investigated in future work.
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